INTRODUCTION
Hydrogen peroxide (H 2 O 2 ) is produced by all mammalian cells as a by-product of normal metabolism, including the oxidative phosphorylation of ADP and the conversion of arachidonic acid to leukotrienes, as well as by phagocytic cells in the host defense response to noxious stimuli. In addition, ultraviolet and gamma irradiation of cells results in the production of H 2 O 2 . A substantial increase in the intracellular concentration of H 2 O 2 is generally associated with deleterious effects, including cell death by apoptosis or necrosis, in pathophysiological conditions such as inflammation and ischemia-reperfusion.
The generation of H 2 O 2 also appears to be required, however, for many normal cellular functions, including propagation of receptor signaling (1, 2) . Growth factors such as plateletderived growth factor (PDGF) 1 and epidermal growth factor (EGF); cytokines such as transforming growth factor-β1 and tumor necrosis factor-α; and agonists of heterotrimeric GTP-
binding protein (G protein)-coupled receptors such as N-formyl-methionyl-leucyl-phenylalanine
(fMLP) and angiotensin II (1,2). The essential role of H 2 O 2 production in intracellular signaling triggered by PDGF (3, 4) , EGF (5) , angiotensin II (6) , and cell-cell contact (7) has been demonstrated by the observation that corresponding receptor-mediated events are abrogated by blocking the accumulation of H 2 O 2 with enzymes such as catalase or small molecules such as Nacetylcysteine.
The addition of exogenous H 2 O 2 or the intracellular production of this metabolite in response to receptor stimulation affects the function of a variety of proteins including transcription factors, protein kinases and phosphatases, phospholipases, ion channels, and G proteins (1, 2) . However, the mechanisms by which H 2 O 2 achieves these effects remain unknown.
by guest on http://www.jbc.org/ Downloaded from Lee et al. 4 It is unlikely that H 2 O 2 specifically binds proteins and thereby affects their functions. On the other hand, H 2 O 2 is a mild oxidant that is able to oxidize cysteine residues in proteins to cysteine sulfenic acid or to disulfide, both of which are readily reduced back to cysteine by various cellular reductants. Because the pK a (where K a is the acid constant) of the sulfhydryl group (Cys-SH) of most cysteine residues is ~8.5 (8) , and because this group is less readily oxidized by H 2 O 2 than is the cysteine thiolate anion (Cys-S -), few proteins might be expected to possess a Cys-SH that is vulnerable to oxidation by H 2 O 2 in cells. However, certain protein cysteine residues do exist as thiolate anions at neutral pH as a result of the lowering of their pK a values by charge interactions between the negatively charged thiolate and nearby positively charged amino acid residues (9).
Proteins with low-pK a cysteine residues include protein tyrosine phosphatases (PTPs) (10) (11) (12) Lee et al. 6
The cDNAs encoding the PTEN mutants C71S, C83S, C105S, C124S, and C136S were generated by polymerase chain reaction-mediated site-directed mutagenesis and verified by DNA sequencing. The histidine-tagged wild-type and mutant proteins were expressed in Escherichia coli according to standard procedures and purified with the use of an immobilized nickel resin (Qiagen). The purified proteins were dialyzed against 50 mM Tris-HCl buffer (pH 7.5) containing 1 mM EDTA, 10% glycerol, and 10 mM 2-mercaptoethanol, and were then stored at -80°C. The phosphatase activity of PTEN was assayed with 32 P-labeled phosphatidylinositol 3,4,5-trisphosphate [PI(3,4,5)P 3 ] as described (13).
Cell culture and transfection-HeLa and NIH 3T3 cells were grown at 37°C under an atmosphere of 5% CO 2 in DMEM supplemented with 10% fetal bovine serum.
The cDNAs encoding wild-type PTEN or the C124S mutant tagged at their NH 2 -termini with HA were subcloned into the pCGN plasmid (22) , and the resulting vectors were introduced into NIH 3T3 cells by transfection with the use of Effectene (Qiagen).
Identification of reduced and oxidized forms of PTEN by immunoblot analysis-After
stimulation, cells (1 × 10 6 cells in 1 ml of DMEM) were scraped into 0.2 ml of ice-cold 50% trichloroacetic acid and transferred to microfuge tubes. The cell suspensions were briefly sonicated and then centrifuged at 2000 × g for 5 min. The supernatants were removed, and the pellets were washed with acetone and then solubilized in 0. guanidine-HCl in 100 mM Tris-HCl (pH 9.0), and the free cysteine residues were alkylated by incubation for 2 h with 10 mM iodoacetamide in an anaerobic chamber. Alkylated PTEN was digested overnight at 37°C with Lys-C (0.5 µg/ml) in 100 mM Tris-HCl (pH 8.5) containing 10%
acetonitrile. The digestion products were then fractionated by high-performance liquid chromatography (HPLC) on a C 18 column with a linear gradient (0 to 60%) of acetonitrile in 0.1% trifluoroacetic acid at a flow rate of 1 ml/min. A peak that eluted at 30.5 min was exposed or not to 10 mM DTT for 10 min and then analyzed by MALDI-TOF (matrix-assisted laser desorption ionization-time of flight) mass spectrometry. The reversible inactivation of PTEN was also apparent in HeLa cells exposed to 1.5 mM (Fig. 4A) . When HeLa cells were incubated in a medium in which H 2 O 2 was produced continuously as a result of the presence of glucose oxidase (which converts molecular oxygen to H 2 O 2 with electrons derived from glucose also present in the medium), the oxidized form of PTEN persisted (Fig. 4B) . almost as efficient as DTT; the Trx system devoid of Trx was completely inactive (data not shown). GSH (5 mM) was markedly less effective than was the Trx system, and the presence of 5
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µM Grx in addition to 5 mM GSH (the Grx system) did not substantially increase the efficiency of the latter (Fig. 5A) . Similar results were obtained when PTEN reduction was monitored on the basis of enzyme activity (data not shown).
We also measured the rate of PTEN reactivation in the presence of various concentrations of Trx (Fig. 5B) . Half-maximal reactivation was apparent at 1 µM Trx. Furthermore, immunoblot analysis revealed that Trx was co-immunoprecipitated with PTEN from NIH 3T3 cell extracts ( are similar, and oxidized TRP14 and Trx were reduced with equal efficiency by TrxR. 2 As such, we tested whether TRP14 can reactivate oxidized PTEN in the presence of TrxR and NADPH.
TRP14 was nearly as ineffective as GSH, further suggesting the specificity of electron donor molecules (Fig. 7) . (Fig. 8) , suggesting that the reduction of PTEN in cells is mediated predominantly by Trx. DNCB is known to be toxic and induce cell death upon incubation for several hours (27) . Incubation of HeLa cells with 100 µM DNCB for 15 min, however, did not cause any detectable cell death measured by the Trypan blue exclusion assay, and detectable levels of cell death were apparent after incubation for 90 min (not shown). (45, 46) , this metabolite might also promote tumor cell proliferation. Previously, the tumorpromoting activity of reactive oxygen species has been explained mainly in terms of the mutagenic activity of hydroxyl radicals derived from them. Phosphorylation of PTEN by casein kinase II has also been shown to increase the susceptibility of the protein to proteasome-mediated degradation (54). How these modes of regulation might be affected by the activation of cell surface receptors, however, is not known. Although in vitro measurements of its lipid phosphatase activity suggest that PTEN might be constitutively active, no mechanism for its negative regulation has previously been revealed (15) . Constitutive activity of PTEN is likely required to prevent accumulation of PI(3,4,5)P 3 and unwanted triggering of revealed by the co-immunoprecipitation of these proteins suggests that the reduction reaction might be governed by a specific interaction between oxidized PTEN and reduced thioredoxin.
Such a specific interaction is also supported by the observation that a 14-kDa Trx-related protein (TRP14) was not able to reduce oxidized PTEN despite the fact that it contains a WCXXC motif, which is conserved among members of the thiol-disulfide oxidoreductase superfamily, and that TRP14 and Trx exhibit similar redox potentials and reactivity toward TrxR. by guest on 
